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f this wiri&assisfed fiourly aVera^etf pressure is exceeded only 
C 1% of the time (88 hours per year). When wind direction reverses, 

! the outlet will be on the upwind wall and the inlet on the downwind, 
wall, producing wind-opposed flow, changing the sign from -0.15 
to -0.15 iri; of water. The importance of these pressures depends* 
on their size relative to the fan pressure rise Ap^, as shown in Fig- 
ure 13. 

Minimizing Wind Effect on System Volume 

Wind effect can be reduced; by carerul selection of inlet and. 
exhaust locations. Because wall surfaces are subject to a wide vari- 
ety, of positive^ and negative pressure^ wall openings should, be 
avpidld. whw possible!, When, the^. are r^ 
should be awav from comers, formed by building wings, (see Fig 

highv enougrLtb; minimize: wind, effect. l;o.w-pressure> systems and^ 

propel ler exhaust fans shoulajnot be used with wall openings unless 4 -<*. requiring control or balancer \~ 'V 'f*u 



BUILDING PRESSURE l^A^CE AND 
INTERNAL FLOW CONTROL 

Proper building pressure balance avoids flow conditions that 
make doors hard to open and cause drafts. In some cases (e.g.,. office 
buildings), pressure balance" may be used to prevent confinement of 
contaminants to specific areas. In other cases (e g,, laboratories), the - 
correct internal airflow is towards the : contaminated area. 

Pressure Balance 

Although supply and exhaust systems in an internal area may 
be in nominal balance; wind can upset this balance, not only 
because of its effects on fan capacity but also by superimposing ' 
infiltrated or exfiltrated'air (or both) on the area. Theseeffects can 
make it impossible to control environmental conditions. Where 
building balance and minimum infiltration are important; consider 
the following: 

Design- HVAC system with pressure adequate to mminiize wind 





inohcriti^s^ 

•;Al$bu$?^ ffoWrl^^ulatid^ zones best; 

jninimi^wirt4 

quality in these zones; must be considered! These locations 
should 4 be avoidfedV if a contamination source exists or may Be 
added in the future. The best area is near the middle of the roofv 
because the negative pressure there is small and Feast affected by 
changes in. wind direction (see Figure 8): Avoid'edges of ttfe roofe 
and walls,, where large jpressure fluctuations occur. Either vertir 
cal or horizontal" (mushroom^ openmg* caa her used; On roofs!- 
with, large areas* where intake may. be outside the roof recircula* 
tionrzone^ ra ushioc^'o^' ,,0 ^^^-^' ; ^^' A "*- r ^ J — — — 

Heated air or contaminants should be exhausted vertically 
through stacks, above the. roof reciroilatipn zone. Horizontal, lou- 
vcred (45° down); and 135f gooseneck 1 discharges are undesirable; 
► eyen.for heat removal systems,, becausei of their; sensitivity) to wind* 
effects; A iSd^ gooseneck ror tot-alr systerns.may 
beeauspj of air- impihgernen% on: tafc and, fefc.roo^ Yerticalty> pUs?- 
charging. stacks uva recjM|afi<^ r^bn (except near a wall) have: 
advantage* of being subjected only to negative pressure created; ; - 

v ASHRAE Handbook— HVAC Applications for information on stack , 
design- ' '7 

Chemical Hood Operation 

wind effects can interfere with safe chemical hood opera* 
jion. Supply volume variations can cause both disturbances at 
hood faces and a lack of adequate' hood makeup air. Volume 
su rges, caused by fluctuating wind pressures acting on the 
^xhaust system, can cause momentary inadequate hood exhaust 
»f highly toxic contaminants are involved, surging is unaccept- 
able. The system should be designed to eliminate this condition. 
— u^lo\v*pressure~exhgra^ 

oads under wind-induced, surging conditions. These systems 
j*nould be tested during calm conditions for safe flow into the 
c ! aces » an£ * rechecked by smoke tests during high wind 
conditions. For more information on chemical hoods, see Chap-" 



Usf r^olymggb^oth^ air locks; 

to non^to 

• Seal, windows and other leakage sources* ~ \ ' ; ' 
T Ciose natJuW '--l 

Internal Flow Control 

Airflow direction is maintained by controlling pressure differ- 
entials, berwwn- spaces., Irr a. laboratory, building^ for example* 
peripKeral' rooms such as offices and conference rooms are kept at 
positive pressTO,vand , laboratbries at negative pressure, both with* 
reference^ to "corridor pressure: Pressure differentials^ between, 
spacer are^normair]! obtained by ; balancjng supply system airflows 



jj M of the 2003 ASHRAE Handbook— HVAC Applications. 
, / " 10re information oh stack and intake design, see Chapter 

44 °1 that volume. 



The pressure differential for a room adjacent to a corridor can be 
controlled using* the corridor pressure as the reference. Outdoor 
pressure cannot usually control pressure differentials within internal 
spaces, - even during periods, of relatively constant wind velocity 
(wih&radi^ measure the?! 

outside pr^ure at one point only and may not be representative of 
pressures' elsewhere^; 7 ; v- * - . '*• ■ * " - ' . • 1 '* > z "> ■' - ' 
V ^ifflo^or r^essur^l in corridors as sometimes conjrolled by^^ 
an outddojr ^^referenceprobe that senses static "pressure ? afaoorwayst ; 
and w ihtal^fh^'m'r^ measured between the^ 

corridor and the outside may then signal a controller to increase or 
decrease airflow to (or pressure in) the corridor. Unfortunately, it 
is difficult to locate an external probe where it will: sense the 
proper external static pressure. High wind velocity and resulting 
pressure changes around entrances can cause great variations in 
pressures 

To measure ambient static pressure, the probe should be located 
where airflow streamlines are not affected by the building or nearby 
buildings. One possibility is at a height of 1 .5*, as shown in Figure 
1. However, this is usually not feasible. If an internal space is to be 
pressurized relative to ambient conditions, the pressure must be 
Imowiron-each exterior surfacTin conmct wilrHfte space. For exam- 
ple, a room at the northeast comer of the building should be pres- 
surized with respect to pressure on both the north and east building 
faces, and possibly the roof. In some cases, multiple probes on a suv 
gle building face may be required. Figures 4 to 8 may be used as 
guides in locating external pressure probes. System volume and 
pressure control is described in Chapter 46 of the 2003 ASHRAE 
Handbook— HVAC Applications. 
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should be taken in considering the sound level in critical spaces near 
fan-powered terminal units. 

Both parallel and series ran-powered terminal units may be 
provided with filters. The constant (series) fan VAV terminal can 



Variable air volume with reheat permits airflow to be reduced 
as the first step in control; heat is then initiated as the second step. 
Compared to constant-volume reheat, this procedure reduces oper- 
ating cost appreciably because the amount of primary air to be 
cooled and secondary air to be heated is reduced. Many types of 
controls can provide control sequences with more than one mini- 
mum airflow. This type of control allows the box to go to a lower 
flow rate that just meets ventilation requirements at the lightest 
cooling loads, then increase to a higher flow rate when the heating 
coil is energized, further reducing reheat energy use. A feature 
can be provided to isolate the availability of reheat during the 
summer, except in situations where even low airflow would over- 
cool the space and should be avoided or where increased humidity 
causes discomfort (e.g., in conference rooms when the lights are 
turned off). 

Because the reheat coil requires some minimum airflow to 
deliver heat to the space, and because the reheat coil must absorb all 
of the cooling capacity of that minimum airflow before it starts to 
deliver heat to the space, energy use can be significantly higher than 
with throttling boxes that go fully closed. 

Induction. The VAV induction system uses a terminal unit to 
reduce cooling capacity by simultaneously reducing primary air and 
inducing room or ceiling air (replacing the reheat coil) to maintain 
a relatively constant room supply volume. This operation is the 
reverse of the bypass box. The primary-air quantity decreases with 
load, retaining the savings of VAV, and the air supplied to the space 
is kept relatively constant to avoid the effect of stagnant air or low 
air movement. VAV induction units require a higher inlet static pres- 
sure, which requires more fan energy, to achieve the velocities nec- 
essary for induction. 

Fan-Powered. Fan-powered systems are available in either par- 
allel or series airflow. In parallel-flow units, the fan is located out- 
side the primary airstream to allow intermittent fan operation. A 
backdraft clamper on the terminal fan prevents conditioned air from 
escaping into the return air plenum when the terminal fan is off. In 
series units, the fan is located in the primary airstream and runs 
continuously when the zone is occupied. These constant-airflow 
fan boxes in a common return plenum can help maintain indoor air 
quality by recirculating unvitiated air from overventilated zones to 
zones with greater outside air ventilation requirements. 

Fan-powered systems, both series and parallel, are often selected 
because they maintain higher air circulation through a room at low 
loads but still retain the advantages of VAV systems. As the cold 
primary-air valve modulates from maximum to minimum (or 
closed), the unit recirculates more plenum air. In a perimeter zone, 
a hot-water heating coil, electric heater, baseboard heater, or remote 
radiant heater can be sequenced with the primary-air valve to offset 
external heat losses. Between heating and cooling operations, the 
fan only recirculates ceiling air. This permits heat from lights to be 
used for space heating for maximum energy saving. During unoc- 
cupied periods, the main supply air-handling unit remains off and 
individual fan-powered heating zone terminals are cycled to main- 
tain required space temperature, thereby reducing operating cost 
during unoccupied hours. 

Fans for fan-powered air-handling units operated in series are 
sized and operated to maintain minimum static pressures at the unit 
inlet connections. This reduces the fan energy for the central air han- 
dler, but the small fans in fan-powered units are less efficient than 
the large air handler fans. As a result, the series fan-powered unit 
(where small fans operate continuously) may use more fan energy 
than a throttling unit system. However, the extra fan energy may be 
more than offset by the reduction in reheat through the recovery of 
plenum heat and the ability to operate a small fan to deliver heat dur- 
ing unoccupied hours where heat is needed. 

Because fan-powered boxes involve an operating fan, they may 
generate higher sound levels than throttling boxes. Acoustical ceil- 
wgs generally are not very effective sound barriers, so extra care 



accommodate minimum (down to zero) flow at the primary -air inlet 
while maintaining constant airflow to the space. 

Both types of fan-powered units and induction terminal units are 
usually located in the ceiling plenum to recover heat from lights. This 
allows these terminals to be used without reheat coils in internal 
spaces. Perimeter zone units are sometimes located above the ceiling 
of an interior zone where heat from the lights maintains a higher ple- 
num temperature. Provisions must still be made for morning warm- 
up and night heating. Also, interior spaces with a roof load must have 
heat supplied either separately in the ceiling or at the terminal. 

Terminal Humidifiers 

Most projects requiring humidification use steam. This can be 
centrally generated as part of the heating plant, where potential 
contamination from water treatment of the steam is more easily 
handled and therefore of less concern. Where there is a concern, 
local generators (e.g., electric or gas) that use treated water are 
used. Compressed-air and water humidifiers are used to some 
extent, and supersaturated systems are used exclusively for special 
circumstances, such as industrial processes. Spray-type washers 
and wetted coils are also more common in industrial facilities. 
When using water directly, particularly in recirculating systems, 
the water must be treated to avoid dust accumulation during evap- 
oration and the build-up of bacterial contamination. 

Terminal Filters 

In addition to air-handling unit filters, terminal filters may used 
at the supply outlets to protect particular conditioned spaces where 
an extra-clean environment is desired. Chapter 24 discusses this 
topic in detail. 

AIR DISTRIBUTION SYSTEM CONTROLS 

Controls should be automatic and simple for best operating 
and maintenance efficiency. Operations should follow a natural 
sequence. Depending on the space need, one controlling thermostat 
closes a normally open heating valve, opens the outside air mixing 
dampers, or opens the cooling valve. In certain applications, an 
enthalpy controller, which compares the heat content of outside air 
to that of return air, may override the temperature controller This 
control opens the outside air damper when conditions reduce the 
refrigeration load. On smaller systems, a dry-bulb control saves the 
cost of the enthalpy control and approaches these savings when an 
optimum changeover temperature, above the design dew point, is 
established. Controls are discussed in more detail in Chapter 46 of 
the 2003 ASHRAE Handbook— H VAC Applications. 

Air-handling systems, especially variable air volume systems, 
should include means to measure and control the amount of outside 
air being brought in to ensure adequate ventilation for acceptable 
indoor air quality. Strategies include the following: 

• Separate constant- volume 100% outside air ventilation systems 

• Outside air injection fan 

• Directly measuring the outside air flow rate 

• Modulating the return damper to maintain a constant pressure 
drop across a fixed outside air orifice 

• Airflow-measuring systems that measure both supply and return 
air volumes and maintain a constant difference between them. 

• C0 2 - and/or VOC-based demand-controlled ventilation 

A minimum outside air damper with separate motor, selected for 
a velocity of 1500 fpm, is preferred to one large outside air damper 
with minimum stops. A separate damper simplifies air balancing. 
Proper selection of outside, relief, and return air dampers is critical 
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fn £ , T 1 *™- M ? St dampers " re 8 ross| y ° v ^ized and are, 
m effect, unable to control. One way to solve this problem is to pro 
vide maxurjum and minimum dampers. A high velocity acrosTa 
wide-open damper .s essenttal to its providing effective control 

A mixed-air temperature control can reduce operating costs and 
also reduce temperature swings from load variations X S 
ttoned space. Chapter 46 of the 2003 ASHRAE Handbook-HKC 
Applications shows control diagrams for various arrangements of 
central system equipment. Direct digital control (DDQ if Son. 
and most manufacturers offer either a standard o^tionTSS 
package for equ.pment, mcluding air-handling units, terminal urate 
etc. These controls offer considerable flexibility. DDC controls offer" 
the addrtional advantage of me ability to recoTd actual con- 
sumption or other operating parameters of various conWemf of Ae 
^ Sf?vT f <" 0 *™™& 

m „nntS?' e Air y° lume - Air v °'"™ can be controlled by duct- 
mounted terminal units serving multiple air outlets in a control zone 
or by units integral to each supply air outlet 

ftessure-independent volume-regulator units control flow in 
response to the thermostat's call for heating or cooling The remLd 
flow is maintained regardless of fluctuation of the WV EKES 
system pressure. These units can be field- or facto^-SS for 
maximum and minimum (or shutoff) air settings. Operate at 
inlet static pressures as low as 0.2 in. of water 

unift^Z;f? e, ; dent , deViC t S C ° ntroI air volume in response to a 
Z i (or rebtive humidity) device, but flow Varies with 

the inlet pressure vanafton. Generally, airflow oscillates when on* 
sure vanes. These unitsdo not regulate flow but positioTthlSunTet 
regulatmg device in response to the thermostal LtIhJ « ' JfC 
expensive units but should only be used where there is ^nSdX 

ma ZZ? f '"T? ' imit .r ^ md When 'hepressuSbt 
^ of «>ntrol S available for VAV units varies with the ter- 
minal device. Most use either pneumatic or electric controls and 
may be either self-powered or system-air-actuated. Seff-powered 
controls position the regulator by using liquid- or wax-fiff Z£ 

^ Wer „* e ° Perat0r - Com P° nents ™r both conL and 
regulation are usually contained in the terminal device 

To conserve power and limit noise, especially in larger systems 
5 S'xf characteris ** and systematic pressS houlTbe 
controlled. Many methods are available, includmJfan^c^Zo, 
vanable-mletvane control, fan bypass, fan discha^Wr 2 

ESfT* fan control - 7116 Iocation ° f iw-2«5fiSS 

depend, to some extent, on the type of VAV terminal unftVsed 
Where pressure-dependent units without controllers are used, Ac 
systerr .pressure sensor shouldbenear the stetic pressure midS,, of 
die duct run to ensure minimum pressure variation in the system. 
Where preasure-mdependent units are installed, pressure^mroS 
may be at the end of the duct run with the highest stetic^e2ure°c^ 
This sensing point ensures maximum fan power savings wSaTn' 
taming the mmimum required pressure at the last teSal 
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As flow through the various parts of a lareesv S temv fl ~c * a 
static me«im» q™^ ««i a j- g system vanes, so does 

sialic pressure borne field adjustment is usually reauired tn a! 

T™ 8 31,(1 C ° n,r0,s should 1x5 considered. In large 
research and development or industrial comnlewv: „v™™„ „j 

sonnel are available for mamteS. STS^E^eC 

large commercial installations, however, officemaTS^ 

responsible, so designs must be in *co^^£££2£$£ 

dta £32? ^S** 0,1 ,£U * e hydronic ^taJlatSnTwlS 
temSran^^ t0 (or * e secondary-water 

temperature, the system valves and coils must be accurately sized 

8^^!^' S ° ^ <teSlgn must »* compatible with the air 
system to avoid operating problems. 

•JS^' FanS " In many a PP ,icati °ns, relief or exhaust fans can be 
parted m response to a signal from the economizer confrol no. 

controll «-- The main supply fan must be abTe to h^ 
die the return air pressure drop when the relief tan is not running 
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AUTOMATIC control of HVAC systems and equipment usually 
xmincludes control of temperature, humidity, pressure, and flow 
rate. Automatic control sequences equipment operation to meet load 
requirements and provides safe operation of the equipment, using 
pneumatic, mechanical, electrical, electronic, and direct digital con- 
trol devices. 

This chapter covers (1) control ofHVAC elements, (2) control of 
typical systems, (3) limit control for safe operation, and (4) design of 
controls for specific HVAC applications. Chapter 15 of the 2001 
ASHRAE Handbook— Fundamentals covers the basics of control, 
types of control components, and commissioning of control systems. 



CONTROL OF HVAC ELEMENTS 



Boiler 



Load affects the rate of heat input to a hydronic system. Rate con- 
trol is accomplished by cycling and modulating the flame and by 
turning boilers on and off. Flame cycling and modulation are han- 
dled by the boiler control package. The control designer decides 
under what circumstances to add or drop a boiler and at what tem- 
perature to control the boiler supply water. 

Hot-water distribution control includes temperature control at 
the hot-water boilers or converter, reset of heating water tempera- 
ture, and control for multiple zones. Other factors that need to be 
considered include (1) minimum water flow through the boilers, 
(2) protection of boilers from temperature shock, and (3) coil 
freeze protection. If multiple or alternative heating sources (such 
as condenser heat recovery or solar storage) are used, the control 
strategy must also include a means of sequencing hot-water 
sources or selecting the most economical source. 

Figure 1 shows a system for load control of a gas or oil-fired 
boiler. Boiler safety controls usually include flame-failure, high- 
temperature, and other cutouts. Intermittent burner firing usually 
controls capacity, although fuel input modulation is common in 
larger systems. In most cases, the boiler is controlled to maintain a 
constant water temperature, although an outside air thermostat can 
reset the temperature if the boiler is not used for domestic water 
heating. Figure 1 contains a typical reset schedule. To minimize 
condensation of flue gases and boiler damage, water temperature 
should not be reset below that recommended by the manufacturer, 
typically 140°F. Larger systems with sufficiently high pump oper- 
ating costs can use variable-speed pump drives, pump discharge 
valves with minimum-flow bypass valves, or two-speed drives to 
reduce secondary pumping capacity to match the load. 

Hot-water heat exchangers or steam-to-water converters are 
sometimes used instead of boilers as hot-water generators. Convert- 
ers typically do not include a control package; therefore, the engi- 
neer must design the control scheme. The schematic in Figure 2 can 
be used with either low-pressure steam or boiler water ranging from 
200 to 260°F. The supply water thermostat controls a modulating 



The preparation of this chapter is assigned to TC 1.4, Control Theory and 
Application. 
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Fig. 1 Boiler Control 
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Fig. 2 Steam-to-Water Heat Exchanger Control 

two-way valve in the steam (or hot-water) supply line. An outside 
thermostat usually resets the supply water temperature downward as 
the load decreases to improve the controllability of heating valves at 
low load and to reduce piping losses. A flow switch interlock should 
close the two-way valve when the hot-water pump is not operating 
With integrated computer-based control, feedback from zone heat- 
ing valves can be used to control the starting and stopping of the hot- 
water pumps. On constant-flow systems, the feedback can be used 
to reset the hot-water temperature to the lowest temperature that 
meets zone requirements. 

Fan 

The most efficient way to change the output of a fan is to 
change its speed. Because of their simplicity and high efficiency, 
vanable-frequency drives are widely used. Though less efficient! 
eddy current drives are also an option for electronically controlling 
fan speed. Other ways of controlling fan ouput include using inlet' 
cones, inlet guide vanes, and discharge or scroll dampers. Axial 
fans can be controlled by varying the pitch of the blade. Also, 
dampers and ducting can simply bypass some of the air from the 
supply side of the fan to the return side (Figure 3). Bypassing does 
not change the output of the fan, but it can allow the fan to accom- 
modate flow variations in the distribution system without fan 
instability. The final selection of a control device is determined by 
efficiency requirements and available funding. 
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Fig. 3 Fan Bypass Control to Prevent Supply Fan Instability 
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Direct Building Pressurization Control 



Static-pressure control is required in systems having variable 
flow rates. To conserve fan energy, the static-pressure controller 
should be set at the lowest control point permitting proper air distribu- 
tion at design conditions. The controller requires proportional-plus- 
integral (PI) control because it eliminates offset while maintaining 
stability. In proportional-only control, the low proportional gain 
required to stabilize fan control loops allows static pressure to offset 
upward as the load decreases, which causes the supply fan to con- 
0, ime more energy. 

Differential static-pressure control is used to pressurize a 
bui ding or space relative to adjacent spaces or the outside. Typical 
applications include clean rooms (positive pressure to prevent infil- 
tration), laboratories (positive or negative, depending on use) and 
various manufacturing processes, such as spray-painting rooms. 
The pressure controller usually modulates dampers in the supply 
duct to maintain the desired pressure as exhaust volumes change A 
method for control of the return fan requires measuring the space 
and outside static pressures (Figure 4). T he location for marin a 
^-inside static pressure must be selected carefully: away fromd^ T 
1 ?nd openings to the outside, a way from elevator lobbies. andTwhe^ 
using a sensor, in a large representative area shielded fr^H^ 
The outside location must likewise be selected carefully, typically 
10 to 15 ft above the building and oriented to minimize wind effects 
trom all directions. The amount of minimum outside air varies with 
building permeability and exhaust fan operation. Control of build- 
j^P^sunzation can affect the amount of outside air entering the 

^Duct static-pressure control for variable air volume ( VAV) and 
other terminal systems maintains a static pressure at a measurement 
point. The most common application for static-pressure control is 
fan output control in VAV systems. The pressure sensor must be 
properly placed to maintain optimum pressure throughout the sup- 
ply duct. Experience indicates that performance is satisfactory when 
the sensor is located at 75 to 100% of the distance from the first to 
m the most remote terminal. If the sensor is located at less than 1 00% 
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Fig. 6 Multiple Static Sensors 

of the distance, .the control set point should be adjusted higher uf"N 
account for the pressure loss between the sensor and the remote ter- f 
minal (Figure 5). Care must be taken in selecting the reference sen- / 
sor location. Controller upset from opening and closing doors. / 
elevator shafts, and other sources of air turbulence should also be / 
prevented. The pressure selected provides a minimum static pres- / 
sure to all air terminal units during all supply fan design conditions. 

Multiple static sensors (Figure 6) are required when more than \ 
one branch duct runs from the supply fan. The sensor with the / 
highest static requirement controls the fan. Because duct run-outs / 
may vary, a control that uses individual set points for each men- / 
surement is preferreoV 

VAV systems typically incorporate a duct static-pressure control I 
loop to control the supply fan speed output. In a single-duct VAV \ 
system, the duct static pressure set point is usually selected by the 
designer. The sensor should be located in the ductwork where the 
established set point ensures proper operation of the zone VAV 
boxes under varying load (supply airflow) conditions. A shortcom- 
ing of this approach is that static-pressure control is based on the J 
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readings of a single sensor that is assumed to represent the pressure 
available to all VAV boxes. If the sensor malfunctions or is placed in 
a location that is not representative, operating problems will result. 

An alternative approach to supply fan control in a VAV system 
uses flow readings from the direct digital control (DDC) zone ter- 
minal boxes to integrate zone VAV requirements with supply fan 
operation. Englander and Norford (1992) suggest that duct static 
pressure and fan energy can be reduced without sacrificing occu- 
pant comfort or adequate ventilation. They compared modified PI 
and heuristic control algorithms using simulation and demon- 
strated that either static pressure or fan speed can be regulated 
directly using a flow error signal from one or more zones. They 
noted that component modeling limitations constrained their 
results primarily to a comparison of the control algorithms. The 
results show that both PI and heuristic control schemes work but 
the authors suggest that a hybrid of the two might be ideal. 

Supply fan warm-up control for systems having a return fan must 
prevent the supply fan from delivering more airflow than the return 
fan maximum capacity during warm-up mode (Figure 7). 

Return fan static control from returns having local (zoned) 
flow control is identical to supply fan static control (Figure 5) 
Return fan control for VAV systems is required for proper building 
pressurization and minimum outside air. The return fan is controlled 
to maintain exhaust and return air plenum pressure. The exhaust air 
damper is controlled to maintain building static pressure (Figure 8) 
This ensures that the supply fan does not pull in outside air back- 
ward through the exhaust air dampers (Seem et at. 2000). 

Airflow tracking uses duct airflow measurements to control the 
return air fans (Figure 9). Typical sensors, called flow stations, are 
multiple-point, pitot tube, and averaging. Provisions must be made 
for exhaust fan switching to maintain pressurization of the building. 
Warm-up is accomplished by setting the return airflow equal to the 
supply fan airflow, usually with exhaust fans turned off and limiting 
supply fan volume to return fan capability. During night cooldown, 
the return fan operates in the normal mode. 

VAV systems that use return or relief fans require control of air- 
flow through the return or relief air duct systems. Return fans are 
commonly used in VAV systems to help ensure adequate air distri- 
bution and acceptable zone pressurization. In a return fan VAV sys- 
tem, there is significant potential for control system instability/ 
because of the interaction of control variables (Avery 1992). In a 
ty pical system, these variables might include supply fan speed sup- 
ply duct static pressure, return fan speed, mixed air temperature 
outside and return air damper flow characteristics, and wind pres- 
sure effect on the relief louver. The interaction of these variables 
and the selection of control schemes to minimize or eliminate inter- 
action must be considered carefully. Mixed air damper sizing and 
lection are particularly important. Zone pressurization, building 
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Fig. 7 Suppiy Fan Warm-Up Control 



construction, and outside wind velocity must be considered The 
resultant design helps ensure proper air distribution, especially 
through the return air duct. Kettler (1995) suggests that small errors 
in sensing total airflow and return flow can cause significant errors 
in control of the differential flow, making this approach unsatisfac- 
tory tor minimum outside ventilation control 

Sequencing fans for VAV systems reduces airflow more than 
other methods and results in greater operating economy and more 
stable tan operation if airflow reductions are significant. Alternating 
fans usually provides greater reliability. Centrifugal fans are con- 
trolled to keep system disturbances to a minimum when additional 
tans are started. The added fan is started and slowly brought to 
capacity while the capacity of the operating fans is simultaneously 
reduced. The combined output of all fans then equals the output 
before fan addition. v 

Vaneaxial fans usually cannot be sequenced in the same manner 
as centrifugal fans. To avoid stall, the operating fans must be re- 
duced to some minimum level of airflow. Then, additional fans may 
be started and all fans modulated in parallel to achieve equilibrium 
Unstable fan operation in VAV systems can usually be avoided 
by proper fan sizing. However, if airflow reduction is large (typi- 
cally over 60%), fan sequencing is usually required to maintain air- 
flow in the fan's stable range. 
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Humldification can be achieved by adding moisture to suoolv 
a.r. Evaporative pans (usually heated), steam jets, a^atomS 
spray tubes are all used for space humidification. A space or S 

AhSS? SCnSOr P T^ S * e neCeSS1 "y si 8" al for *e contrX 
A huinid.ty sensor in the duct should be used to minimize moisture 
carryover or condensation in the duct (Figure 28). With proper use 
and Control, humidifiers can achieve high space hLidSoug^ 

ta^S^ ma ' nta,n h ™ di * d ™« £ 

Outside Air Control 

Fixed minimum outside air control provides ventilation air 
F^IT^T < exfiltrati0 «). makeup air for exhaust fa„ s 
For systems without return fans, the outside air damper is imeJ 

29> ^1 ^ mam 0Pe " °!l ly When ,he SU PP'y fan 0 P e ^s (Figure 
29) The minimum outside air damper should open quickly when 

n so 3 lT S .° n V , ° P rev k en, , eXCeSsive negative du« pLuriX 
In some applications, the fan on-off switch opens the outside 2 
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Fig. 29 Fixed Minimum Outside Air Control 
Without Return Fans 
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2003ASHRAEApplica«o n ^Hdbo ok 

damper before the fan is started. The rate of outside aim. 
mined by the damper opening and by the mtZi Vi* a «- 
between the mixed air plenum and the outside ai p d,ffer «ce 

JZT emS W ! th re,Um fans ' ^ variati °n* of fe 
outside air control are used. Minimum outside airflow Z de ?'^ nu "' 
by the pressure drop across the outside damper at m nim lned 
tion, and an injection fan (Figure 30) orairflow sta, 0 TiT m , posi - 
the minimum outside air section (Figure 31)1 h ' ou H S,a,,ed in 
phed ,s greater than the difference befieen L^SSSS^ T 
a '^ows,avanat,onof economizer cyclecontrolifuS" Un, / an 
. In systems using 100% outside air, all air goes oSef f^' 
air ,s returned (Figure 32). The outside air damp! XttTt "° 
usually opens before the fan starts. "blocked and 

Radiant Cooling and Heating 

Radiation can be used either alone or to supplement 

SSL?" "T? S,rategy de P ends on * e ^nctiXeSned F 0 e : 
a radiation-only heating application, rooms are usually cTmmiS 
individually; each radiator and convector is eouiorw \ Z,l ed 
marie control valve. Depending on room iSStSZT 
control one valve or several valves in unison. The thS^S 

, * 01 « s general,y less accurate «*• result? in 2; 

SStaKJS flUCtUati0nS - Whe " the s P ace is fort 
comfortof seated occupants, wall-mounted thermostats give £ 

For supplemental heating applications, where perimeter radio 

load I h U ^,°H y t0 ^ heat *»«« A ine or 

badis handled separately by a zone air system), outside resS of the 

SSLST" t0 * e radiati °" Sh0uld * considered. Rad,a on 
Seated SlSr^ ^ ? C com P ensati "8 outside sensor 
SluJboS ^P*™** 'n«de (outside) temperature, solar 

wit?!JS P^e's combine controlled-temperature room surfaces 

Ufa «SX? r i dm0nmg 1 and Venti,a,i0n - ^ radiant P™' can 
Sc^SnTwS ' ° r Ce "u g - , Pane ' ,em P erat ™ is maintained 
system caX? K ° f ^ " by e,eCtn ' C resistance - ^ centraI ™ 
2T™ t S u one - zone > constant-temperature, constant- 

coitrof S' t W : ,h thC radiant Panel °P erated ^ individual room 
control thermostats, or it can include some or all the features of 
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Fig. 30 Fixed Minimum Outside Air Control With 
Return Fans 
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system provides an air change effectiveness of about 1. Therefore, 
the Table 6. 1 values of ASHRAE Standard 62. 1 are appropriate for 
design of commercial and institutional buildings when the ventila- 
tion rate procedure is used. If the indoor air quality procedure of 
Standard 62.1 is used, then actual pollutant sources and the air 
change effectiveness must be known for the successful design of 
HVAC systems that have fixed ventilation airflow rates. 

ASHRAE Standard 129 describes a method for measuring air 
change effectiveness of mechanically vented spaces and buildings 
with limited air infiltration, exfiltration, and air leakage with sur- 
rounding indoor spaces. 

DRIVING MECHANISMS FOR , 
VENTILATION AND INFILTRATION 

Natural ventilation and infiltration are driven by pressure differ- 
ences across the building envelope caused by wind and air density 
differences due to temperature differences between indoor and out- 
door air (buoyancy, or the stack effect). Mechanical air-moving sys- 
tems also induce pressure differences across the envelope due to the 
operation of appliances, such as combustion devices, leaky forced- 
air thermal distribution systems, and mechanical ventilation sys- 
tems. The indoor/outdoor pressure difference at a location depends 
on the magnitude of these driving mechanisms as well as on the 
characteristics of the openings in the building envelope (i.e., their 
locations and the relationship between pressure difference and air- 
flow for each opening). 

Stack Pressure 

Stack pressure is the hydrostatic pressure caused by the weight of 
a column of air located inside or outside a building. It can also occur 
within a flow element, such as a duct or chimney, that has vertical 
separation between its inlet and outlet. The hydrostatic pressure in 
the air depends on density and the height of interest above a refer- 
ence point. 

Air density is a function of local barometric pressure, tempera- 
ture, and humidity ratio, as described by Chapter 6. As a result, 
standard conditions should not be used to calculate the density. For 
example, a building site at 5000 ft has an air density that is about 
20% less than if the building were at sea level. An air temperature 
increase from -20 to 70°F causes a similar air density difference. 
Combined, these elevation and temperature effects reduce the air 
density about 45%. Moisture effects on density are generally neg- 
ligible, so the dry air density can be used instead, except in hot, 
humid climates when the air is hot and close to saturation. For 
example, saturated air at 1 05°F has a density about 5% less than that 
of dry air. 

Assuming temperature and barometric pressure are constant over 
the height of interest, the stack pressure decreases linearly as the 
separation above the reference point increases. For a single column 
of air, the stack pressure can be calculated as 



(16) 



where 



P s ~ stack pressure, in. of water 
P r ■ stack pressure at reference height, in. of water 
S " gravitational acceleration, 32.2 ft/s 2 
P = indoor or outdoor air density, Ib m /ft 3 
H = height above reference plane, ft 
C] = unit conversion factor = 0.00598 (in. of water) -ft- s 2 /lb m 

For tall buildings or when significant temperature stratification 
|**urs indoors, Equation (16) should be modified to include the 
aensity gradient over the height of the building. 

T ^ mperature differences between indoors and outdoors cause 
■ ac * pressure differences that drive airflows across the building 
nve lope. Sherman ( 1 99 1 ) showed that any single-zone building can 
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be treated as an equivalent box from the point of view of stack effect, 
if its leaks follow the power law. The building is then characterized 
by an effective stack height and neutral pressure level (NPL) or leak- 
age distribution (see the section on Neutral Pressure Level). Once 
calculated, these parameters can be used in physical, single-zone 
models to estimate infiltration. 

Neglecting vertical density gradients, the stack pressure differ- 
ence for a horizontal leak at any vertical location is given by 



A Ps - c i(Po-Pi)g(H N?L -H) 



53 C,o 



(17) 



where 

T 0 = outdoor temperature, °R 
7) - indoor temperature, °R 
p 0 - outdoor air density, lb/ft 3 
Pi = indoor air density, lb/ft 3 
#npl = height of neutral pressure level above reference plane 
without any other driving forces, ft 

Chastain and Colliver (1989) showed that when there is stratifi- 
cation, the average of the vertical distribution of temperature differ- 
ences is more appropriate to use in Equation (17) than the localized 
temperature difference near the opening of interest. 

By convention, stack pressure differences are positive when the 
building is pressurized relative to outdoors, which causes flow out 
of the building. Therefore, in the absence of other driving forces and 
assuming no stack effect is within the flow elements themselves, 
when the indoor air is warmer than outdoors, the base of the build- 
ing is depressurized and the top is pressurized relative to outdoors; 
when the indoor air is cooler than outdoors, the reverse is true. 

In the absence of other driving forces, the location of the NPL is 
influenced by leakage distribution over the building exterior and by 
interior compartmentation. As a result, the NPL is not necessarily 
located at the mid-height of the building, nor is it necessarily 
unique. NPL location and leakage distribution are described later in 
the section on Combining Driving Forces. 

For a penetration through the building envelope for which ( 1 ) there 
is a vertical separation between its inlet and outlet and (2) the air 
inside the flow element is not at the indoor or outdoor temperature, 
such as in a chimney, more complex analyses than Equation ( 1 7) are 
required to determine the stack effect at any location on the building 
envelope. 

Wind Pressure 

When wind impinges on a building, it creates a distribution of 
static pressures on the building's exterior surface that depends on 
the wind direction, wind speed, air density, surface orientation, and 
surrounding conditions. Wind pressures are generally positive with 
respect to the static pressure in the undisturbed airstream on the 
windward side of a building and negative on the leeward sides. 
However, pressures on these sides can be negative or positive, 
depending on wind angle and building shape. Static pressures over 
building surfaces are almost proportional to the velocity head of the 
undisturbed airstream. The wind pressure or velocity head is given 
by the Bernoulli equation, assuming no height change or pressure 
losses: 



- r r <, v 

- c 2 c pQ - 



(18) 



where 



p w - wind surface pressure relative to outdoor static pressure in 
undisturbed flow, in. of water 
p = outside air density, lb m /ft 3 (about 0.075) 
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V - wind speed, mph 

C p = wind surface pressure coefficient, dimensionless 
C 2 = unit conversion factor - 0.0129 (in. of water) ■ ft 3 /lb m 



mph 2 



C p is a function of location on the building envelope and wind direc- 
tion. Chapter 1 6 provides additional information on the values of C p . 

Most pressure coefficient data are for winds normal to building 
surfaces. Unfortunately, for a real building, this fixed wind direc- 
tion rarely occurs, and when the wind is not normal to the upwind 
wall, these pressure coefficients do not apply. A harmonic trigono- 
metric function was developed by Walker and Wilson (1994) to 
interpolate between the surface average pressure coefficients on a 
wall that were measured with the wind normal to each of the four 
building surfaces. This function was developed for low-rise build- 
ings three stories or less in height. For each wall of the building, C p 
is given by 



+ [CM)-C(2)](cos<t>) 



1/4 
3/4 



+ [C p (3) + C p (4)](sin2*r 
+ [C/3)-C(4)]sin<|>} 



(19) 



where 

C p {\) - pressure coefficient when wind is at 0° 
C p {2) - pressure coefficient when wind is at 1 80° 
C p (3) - pressure coefficient when wind is at 90° 
C p (4) = pressure coefficient when wind is at 270° 

4> = wind angle measured clockwise from the normal to Wall 1 

The measured data used to develop the harmonic function from 
Akins et al. (1979) and Wiren (1985) show that typical values for 
the pressure coefficients are C p {\) = 0.6, C p (2) = -0.3, C p (3) = 
C p (4) = -0.65. Because of the geometry effects on flow around a 
building, the application of this interpolation function is limited to 
low-rise buildings that are of rectangular plan form (i.e., not re- 
shaped) with the longest wall less than three times the length of the 
shortest wall. For less regular buildings, simple correlations are 
inadequate and building-specific pressure coefficients are required. 
Chapter 16 discusses wind pressures for complex building shapes 
and for high-rise buildings in more detail 

The wind speed most commonly available for infiltration calcu- 
lations is the wind speed measured at the local weather station, typ- 
ically the nearest airport. This wind speed needs to be corrected for 
reductions caused by the difference between the height where the 
wind speed is measured and the height of the building and reduc- 
tions due to shelter effects. 

The reference wind speed used to determine pressure coeffi- 
cients is usually the wind speed at the eaves height for low-rise 
buildings and the building height for high-rise buildings. However, 
meteorological wind speed measurements are made at a different 
height (typically 33 ft) and at a different location. The difference in 
terrain between the measurement station and the building under 
study must also be accounted for. Chapter 1 6 shows how to calculate 
the effective wind speed U H from the reference wind speed U mel 
using boundary layer theory and estimates of terrain effects. 

In addition to the reduction in wind pressures due to the reduc- 
tion in wind speed, the effects of local shelter also act to reduce wind 
pressures. The shielding effects of trees, shrubbery, and other build- 
ings within several building heights of a particular building produce 
large-scale turbulence eddies that not only reduce effective wind 
speed but also alter wind direction. Thus, meteorological wind 
speed data must be reduced carefully when applied to low buildings. 

Ventilation rates measured by Wilson and Walker (1991) for a 
row of houses showed reductions in ventilation rates of up to a factor 
of three when the wind changed direction from perpendicular to 
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parallel to the row. They recommended estimating wind shelter 
winds perpendicular to each side of the building and then usim* " 
interpolation function in Equation (20) to find the wind shelter^ 
intermediate wind angles: " - 



s = ljW 1 ) + 5(2)]cos 2 ()) + [5(l)-^(2)]cos(t) ) 
M + b(3) + s(4)]sin 2 <|> + [5(3) - s(4)]sin*J 

where 

s - shelter factor for the particular wind direction $ 
s(i) = shelter factor when wind is normal to Wall / 
(/' = 1 to 4, for four sides of a building) 

Although the above method gives a realistic variation of wind 2 
shelter effects with wind direction, estimates for the numerical val- * 
ues of wind shelter factor s for each of the four cardinal directions 1 
must be provided. Table 8 in the section on Residential Calculation 
Examples lists typical shelter factors. The wind speed used in Equa- 
tion (18) is then given by 



V = sU u 



(21)3 



The magnitude of the pressure differences found on the surfaces: : 
of buildings varies rapidly with time because of turbulent fluctu* * 
tions in the wind (Etheridge and Nolan 1979; Grimsrud et al. 1979): h 
However, the use of average wind pressures to calculate pressure dif : .*> 
ferences is usually sufficient to calculate average infiltration values.' 

Mechanical Systems 

The opera tion of mechanical equipment, such as supply o r 5 
exhaust systems and vented combustion devices, affects pressure •■ 
difference s across the building envelope. The interior static pressure 
adjusts such that the sum of all airflows through the openings in the \ 
building envelope plus equipment-induced airflows balance to zero. I 
To predict these changes in pressure differences and airflow rates 
caused by mechanical equipment, the location of each opening in 
the envelope and the relationship between pressure difference and • 
airflow rate for each opening must be known. The interaction '] 
between mechanical ventilation system operation and envelope air- 
tightness has been discussed for low-rise buildings (Nylund 1980) 
and for office buildings (Persily and Grot 1985a; Tamura and Wil- 
son 1966, 1967b). 

Air exhausted from a building by a whole-building exhaust sys- 
tem must be balanced by increasing the airflow into the building 
through other openings. As a result, the airflow at some locations - 
changes from outflow to inflow. For supply fans, the situation is 
reversed and envelope inflows become outflows. Thus, the effects a 
mechanical system has on a building must be considered. Depres- 
surization caused by an improperly designed exhaust system can 
increase the rate of radon entry into a building and interfere with the 
proper operation of combustion device venting or other exhaust sys- 
tems. Depressurization can also force moist outdoor air through the 
building envelope; for example, during the cooling season in hot 
humid climates, moisture may condense within the building enve- 
lope. A similar phenomenon, but in reverse, can occur during the 
heating season in cold climates if the building is depressurized. 

The interaction between mechanical systems and the building 
envelope also pertains to systems serving zones of buildings. The 
performance of zone-specific exhaust or pressurization systems is 
affected by the leakage in zone partitions as well as in exterior waUs. 

Mechanical systems can also create infiltration-driving forces in 
single-zone buildings. Specifically, some single-family houses with 
central forced-air duct systems have multiple supply registers, yet 
only a central return register. When internal doors are closed in 
these houses, large positive indoor-outdoor pressure differentials 
are created for rooms with only supply registers, whereas the room 
with the return duct tends to depressurize relative to outside. This is 
caused by the resistance of internal door undercuts to flow from the 
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supply register to the return (Modera et al. 1991). The magnitudes of 
the indoor/outdoor pressure differentials created have been mea- 
sured to average 0.012 to 0.024 in. of water (Modera et al. 1991). 

Building envelope airtightness and interzonal airflow resistance 
can also affect the performance of mechanical systems. The actual 
drtlow rate delivered by these systems, particularly ventilation sys- 
tems, depends on the pressure rhey work against. This effect is the 
>;;me as the interaction of a tan with its associated ductwork, which 
is discussed in Chapter 35 of this volume and Chapter 1 8 of the 2004 
iSHRAE Handbook— H VA C Systems and Equipment. The building 
envelope and its leakage must be considered part of the ductwork in 
determining the pressure drop of the system. 

Duct leakage can cause similar problems. Supply leaks to the 
outside will tend to depressurize the building; return leaks to the 
outside will tend to pressurize it. 

Combining Driving Forces 

The pressure differences due to wind pressure, stack pressure, 
and mechanical systems are considered in combination by adding 
them together and then determining the airflow rate through each 
opening due to this total pressure difference. The air flows must be 
determined in this manner, as opposed to adding the airflow rates 
due to the separate driving forces, because the airflow rate through 
each opening is not linearly related to pressure difference. 

For uniform indoor air temperatures, the total pressure difference 
across each leak can be written in terms of a reference wind param- 
eter P u and stack effect parameter P T common to all leaks: 

"I 

p u - Po— (22) 

P T " SPo^J^-j (23) 

where T= air temperature, °R. 

The pressure difference across each leak (with positive pressures 
for flow into the building) is then given by 

Ap = C 2 s 2 C p P a + HP T + Apj (24) 

where Apj = pressure that acts to balance inflows and outflows 
(including mechanical system flows). Equation (24) can then be 



applied to every leak for the building with the appropriate values 
ot C p% s, and H. Thus, each leak is defined by its pressure coeffi- 
cient, shelter, and height. Where indoor pressures are not uniform, 
more complex analyses are required. 

Neutral Pressure Level 

The neutral pressure level (NPL) is that location or locations in 
the building envelope where there is no pressure difference. Internal 
partitions, stairwells, elevator shafts, utility ducts, chimnevs. vents 
operable windows, and mechanical supply and exhaust' systems 
complicate the analysis of NPL location. An opening with a large 
area relative to the total building leakage causes the NPL to shift 
toward the location of the opening. In particular, chimneys and 
openings at or above roof height raise the NPL in small buildings 
Exhaust systems increase the height of the NPL; outdoor air supply 
systems lower it. 

Figure 5 qualitatively shows the addition of driving forces for a 
building with uniform openings above and below mid-height and 
without significant internal resistance to airflow. The slopes of the 
pressure lines are a function of the densities of the indoor and out- 
door air. In Figure 5A, with inside air warmer than outside and 
pressure differences caused solely by thermal forces, the NPL is at 
mid-height, with inflow through lower openings and outflow 
through higher openings. Direction of flow is always from the 
higher to the lower pressure region. 

Figure 5B presents qualitative uniform pressure differences 
caused by wind alone, with opposing effects on the windward and 
leeward sides. When the temperature difference and wind effects 
both exist, the pressures due to each are added together to determine 
the total pressure difference across the building envelope. In Figure 
5B, there is no NPL because no locations on the building envelope 
have zero pressure difference. Figure 5C shows the combination 
where the wind force of Figure 5B has just balanced the thermal 
force of Figure 5A, causing no pressure difference at the top wind- 
ward or bottom leeward side. 

The relative importance of the wind and stack pressures in a 
building depends on building height, internal resistance to vertical 
airflow, location and flow resistance characteristics of envelope 
openings, local terrain, and the immediate shielding of the building 
The taller the building is and the smaller its internal resistance to air- 
flow, the stronger the stack effect. The more exposed a building is 
the more susceptible it is to wind. For any building, there are ranges 
of wind speed and temperature difference for which the building's 
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infiltration is dominated by the stack effect, the wind, or the driving 
pressures of both (Sinden 1978a). These building and terrain factors 
determine, for specific values of temperature difference and wind 
speed, in which regime the building's infiltration lies. 

The effect of mechanical ventilation on envelope pressure dif- 
ferences is more complex and depends on both the direction of the 
ventilation flow (exhaust or supply) and the differences in these 
ventilation flows among the zones of the building . If mechanically 
^su pplied outdoor air is provided uniformly to each story, the change 
in the exterior wail pressure difference partem is uniform . With a 
nonuniform supply of outdoor air (for example, to one story only), 
the extent of pressurization varies from story to story and depends 
on the internal airflow resistance. Pressurizing all levels uniformly 
has little effect on the pressure differences across floors and vertical 
shaft enclosures, but pressurizing individual stories increases the 
pressure drop across these internal separations . Pressurizing the 
ground level is often used in tall buildings to reduce stack pressures 
across entries. 

Available data on the NPL in various kinds of buildings are lim- 
ited. The NPL in tall buildings varies from 0.3 to 0.7 of total build- 
ing height (Tamura and Wilson 1 966, 1 967a). For houses, especially 
houses with chimneys, the NPL is usually above mid-height. Oper- 
ating a combustion heat source with a flue raises the NPL further, 
sometimes above the ceiling (Shaw and Brown 1982). 

Thermal Draft Coefficient 

Compartmentation of a building also affects the NPL location. 
Equation (17) provides a maximum stack pressure difference, given 
no internal airflow resistance. The sum of the pressure differences 
across the exterior wall at the bottom and at the top of the building, 
as calculated by these equations, equals the total theoretical draft for 
the building. The sum of the actual top and bottom pressure differ- 
ences, divided by the total theoretical draft pressure difference, 
equals the thermal draft coefficient. The value of the thermal draft 
coefficient depends on the airflow resistance of the exterior walls 
relative to the airflow resistance between floors. For a building with- 
out internal partitions, the total theoretical draft is achieved across 
the exterior walls (Figure 6A), and the thermal draft coefficient 
equals 1. In a building with airtight separations at each floor, each 
story acts independently, its own stack effect being unaffected by 
that of any other floor (Figure 6B). The theoretical draft is mini- 
mized in this case, and each story has an NPL. 

Real multistory buildings are neither open inside (Figure 6A), 
nor airtight between stories (Figure 6B). Vertical air passages, stair- 
wells, elevators, and other service shafts allow airflow between 
floors. Figure 6C represents a heated building with uniform open- 
ings in the exterior wall, through each floor, and into the vertical 
shaft at each story. Between floors, the slope of the line representing 
the inside pressure is the same as that shown in Figure 6A, and the 
discontinuity at each floor (Figure 6B) represents the pressure dif- 
ference across it. Some of the pressure difference maintains flow 
through openings in the floors and vertical shafts. As a result, the 
pressure difference across the exterior wall at any level is less than 
it would be with no internal flow resistance. 

Maintaining airtightness between floors and from floors to ver- 
tical shafts is a means of controlling indoor-outdoor pressure differ- 
ences due to the stack effect and therefore infiltration. Good 
separation is also conducive to the proper operation of mechanical 
ventilation and smoke management systems. However, care is 
needed to avoid pressure differences that could prevent door open- 
ing in an emergency. Tamura and Wilson ( 1 967b) showed that when 
vertical shaft leakage is at least two times the envelope leakage, the 
thermal draft coefficient is almost one and the effect of compart- 
mentation is negligible. Measurements of pressure differences in 
three tall office buildings by Tamura and Wilson (1967a) indicated 
that the thermal draft coefficient ranged from 0.8 to 0.9 with the ven- 
tilation systems off. 



COMMERCIAL AND INSTITUTIONA 
VENTILATION REQUIREMENTS 

ASHRAE Standard 62.1 contains requirements on ventilation 
and indoor air quality for commercial, institutional, and high-rise 
residential buildings. These requirements address system and 
equipment issues, design ventilation rates, commissioning and sys- 
tems start-up, and operations and maintenance. The design require- 
ments, include two alternative procedures: 

• The prescriptive ventilation rate procedure contains a table of 
outdoor air ventilation requirements for a variety of space types 
with adjustments for air distribution in rooms and systems serv- 
ing multiple spaces. These minimum outside air ventilation rates 
are based, in part, on research by Berg-Munch et al. ( 1 986), Cain 
et al. (1983), Iwashita et al. (1989), and Yaglou et al. (1936) as 
well as years of experience of designers and building operators. 

• The indoor air quality procedure, which achieves acceptable 
indoor air quality through the control of indoor contaminant con- 
centrations. Such control can be realized through source control, 
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